Penicillin G was found to inhibit the formation of the D-alanyl-L-alanine cross-linkage in intact cells of Micrococcus luteus. This reaction was approximately 50-fold less susceptible to penicillin than the formation of the D-alanyl-Llysine cross-linkage in the same organism. The presence of two penicillin-susceptible transpeptidation reactions that function in the incorporation of peptidoglycan precursors into the cell wall is proposed.
The cell wall peptidoglycan of Micrococcus luteus (lysodeikticus) contains two types of peptide cross-linkages (4, 9) , of which the predominant one is between a terminal D-alanine from one peptide side chain and the a-amino group of an L-alanine from another chain (D-Ala -L-Ala). The other type of cross-linkage is between a terminal D-alanine from one peptide side chain and the e-amino group of L-lysine of another chain (D-Ala -L-Lys).
We have recently shown that penicillin inhibits the formation of the D-Ala -L-Lys crosslinkage both in vitro and in vivo and that the limited incorporation of newly synthesized peptidoglycan strands, which occurs in the presence of high concentrations of the antibiotic, is the consequence of linear elongation of existing chains by transglycosylation (6, 7 ; D. Mirelman, R. Bracha, and N. Sharon, Ann. N. Y. Acad. Sci., in press). These results led us to propose that the penicillin-susceptible transpeptidase, which catalyzes the formation of the D-Ala -L-Lys bond, functions not only in the cross-linking of peptide side chains but also in the incorporation proper of linear peptidoglycan strands into the pre-existing cell wall.
In 
MATERIALS AND METHODS
The in vivo incorporation of radioactive L-lysine or L-alanine into cells of M. luteus NCTC 2655 was studied in a minimal medium in which cell-wall synthesis can take place (2) . For this purpose, early logarithmic-phase cells grown as described before (7) were suspended in 5 or 10 ml of a minimal medium (2 x 10' cells/ml) containing glycine (1 mM), L-glutamic acid (1 mM), and glucose (0.0285 M), together with salts and cofactors as described (7) and penicillin G when indicated.
For the study of the incorporation of radioactive L-lysine, unlabeled L-alanine (0.5 mM) was added to the minimal medium and, after incubation for 5 min with shaking at 32 C, uniformly labeled L-[4C Ilysine (Radiochemical Centre, Amersham; >99.9% pure; specific activity, 342 mCi/mM, diluted with unlabeled L-lysine to a specific activity of 110 mCi/mM) was added to the medium to a final concentration of 3 nmol/ml. To investigate the incorporation of radioactive L-alanine, unlabeled L-lysine (1 mM) was added to the minimal medium and, after incubation for 5 min with shaking at 32 C, uniformly labeled L["4C Jalanine (Radiochemical Centre, Amersham; >99.9% pure; specific activity, 102 mCi/mM) was added to the medium to a final concentration of 3 nmol/ml.
Incubation with shaking was continued for 10 min. The cells were then harvested, thoroughly washed with phosphate buffer (3 x 20 ml, 0.05 M, pH 7.2), and disintegrated in water (10 ml) with glass beads (10 g) in a Braun homogenizer. The cell walls were isolated by differential centrifugation and extensively purified by heating with 0.1% sodium dodecylsulfate in water and then washing in water (7) . Amino acid analysis (8) (5) . The N-terminal radioactive amino acid of the dipeptides was identified by dinitrophenylation (5) . RESULTS
Effect of penicillin on the incorporation and cross-linking of L-alanine. The inhibitory effect of increasing concentrations of penicillin G on the incorporation of radioactive alanine into the cell-wall peptidoglycan was the same as its effect on the incorporation of L-lysine into the cell wall (Fig. 1A, 2A) . observed at concentrations of 0.1 ,ug/ml was approximately 15%, whereas at 10 gg/ml the inhibition was 68%.
Partial acid hydrolysates of cell walls of M. luteus were shown to afford a very complex mixture of compounds (9) . Similar hydrolysates of cell walls labeled for a short period (10 min) with [4C lalanine afforded consistently a small number of radioactive peptides together with free alanine (Fig. 3) . The relative distribution of radioactivity in the different compounds was highly reproducible. Total acid hydrolysis of the compound, which migrated on the amino acid analyzer column and on paper electrophoresis as D-Ala-L-Ala, followed by digestion with Damino oxidase, revealed that approximately 53% of the radioactivity present as ["C lalanine was converted into ["C Ipyruvate. Furthermore, upon dinitrophenylation of the dipeptide and acid hydrolysis, 45% of the radioactivity was converted into 2, 4-dinitrophenyl-alanine. The remaining free alanine released by the hydrolysis was not affected by D-amino acid oxidase.
The pattem of elution of the radioactive peptides obtained from cell walls which incorporated L-["4C alanine, in the absence of penicillin, was significantly different from that found in partial hydrolysates from cells incubated in the presence of high concentrations of penicillin G (10 ug/ml) (Fig. 3B, C) . In the absence of penicillin, the amount of radioactive D-Ala-L-Ala obtained was 25 pmol/2 x 108 cells or approximately 10% of the total radioactivity in the walls, whereas only traces of D-Ala-D-Ala were detected (2.6 pmol or 1.0% of total radioactivity) (Fig. 1B) . In the presence of lOgg of penicillin G per ml, the amount of D-Ala-L-Ala was only 2.0 pmol/2 x 108 cells, whereas that of D-Ala-D-Ala was considerably higher (8.0 pmol or approximately 10% of total radioactivity incorporated into the wall). It is of interest to note, however, that an increase in the relative proportion of the D-Ala-D-Ala in the partial hydrolysates was already noted at 0.1 Ag of penicillin G per ml (Fig. 1B) .
When incorporation of alanine into the cells was in the absence of penicillin, 50% of the ["C ]al-anine in the wall was of the D-configuration, whereas, when incubation was in the presence of high amounts of penicillin (100 ug/ml), more than 65% of the radioactive alanine found in the cell walls was of the D-configuration (Table 1) .
Effect of penicillin on the incorporation and cross-linking of L-ysine. Fifty-percent inhibition of incorporation of L-lysine into the cell walls was observed at concentrations of about 5 gcg of penicillin G per ml (Fig. 2A) .
However, formation of the peptide cross-linkage involving the e-amino moiety of the radioactive lysine incorporated into the cell walls was much more sensitive to penicillin G (50% inhibition at about 0.1 ,g of penicillin G per ml (Fig. 2B) . These results may be taken as evidence for the presence in M. luteus of two penicillin-susceptible transpeptidases, one of which catalyzes the formation of the D-Ala -L-Lys linkage, the other forming the D-Ala -L-Ala linkage. Alternatively, it is possible that only one enzyme is responsible for both cross-linking reactions. In this case the differences in susceptibility to penicillin may be ascribed to differences in the nature of the enzyme-donor-acceptor complex The present results also lend further support to our earlier suggestion that elongation of cell-wall peptidoglycan occurs both by penicillin-susceptible transpeptidation and by penicillin-unsusceptible transglycosylation (6, 7; D. Mirelman, R. Bracha, and N. Sharon, Ann. N.Y. Acad. Sci., in press). Thus, the increase in the relative proportion of radioactive D-alanine found in walls synthesized in the presence of high concentrations of penicillin is ascribed by us to the incorporation of peptidoglycan strands with terminal-D-Ala-D-Ala units into the cell wall by transglycosylation. In the absence of penicillin, the terminal D-alanine of those newly synthesized strands is removed by transpeptidation (4, 6, 7, 9); D. Mirelman, R. Bracha, and N. Sharon, Ann. N.Y. Acad. Sci., in press). The discrepancy found in the amounts of radioactive alanine and lysine which is incorporated into the cell wall during 10 min under identical conditions is not yet understood (Fig. 1A, 2A) . A possible reason for this may be the difference in the intracellular pools of these two amino acids.
Another interesting finding is that the concentration of penicillin (5 ,ug/ml) required to inhibit by 50% the formation of the D-Ala L-Ala cross-linkage is very similar to that which inhibits to the same extent the in vivo incorporation of L-alanine and L-lysine into the cell wall ( Fig. 1, 2 ). On the other hand, the concentration of penicillin (0.1 gug/ml) required for 50% inhibition of the formation of the D-Ala-L-Lys linkage causes only 15% inhibition of incorporation of amino acids into the cell wall. This concentration is, however, very close to that required to inhibit growth of M. luteus cells by 50% (1, 10) .
It would appear, therefore, that part of the lethal effect of low concentrations of penicillin G on M. luteus cells msy be ascribed to the inhibition of the formation of the D-Ala D L-Lys linkage.
